Physical and thermal properties of three commonly grown sweetpotato cultivars were evaluated. Density, specific heat, thermal conductivity, and respiration rate were determined for 'Beauregard', 'Hernandez', and 'Jewel' varieties. In addition, respiration heat and thermal diffusivity were calculated for these cultivars. Uncured and cured sweet potato were evaluated and held under controlled storage conditions. Postharvest treatment and cultivar differences had minor effects on the density, specific heat, and thermal conductivity of sweetpotato. Respiration rate of the uncured and cured sweetpotato was evaluated at four temperatures: 15, 20, 25, and 30°C. Respiration rate and respiration heat for the cured sweetpotato was less than that of the uncured sweet potatoes. Results from this study will be instrumental in the design and optimization of sweetpotato curing and storage facilities and in the development of new quality indicators.
INTRODUCTION
Published data regarding the physical and thermal properties of sweetpotatoes is based on research conducted over 25 years ago (Abrams and Hammett, 1983) . Many of the cultivars evaluated then are of little or no commercial importance today, and there is considerable anecdotal evidence that currently planted commercial cultivars have noticeably different curing and storage requirements. These observations suggest that the physical and thermal properties of the newer sweetpotato cultivars should be evaluated. Cultivars were evaluated based on whether they were uncured or cured, as curing causes chemical and metabolic changes to occur (Hamann, et al., 1980) . After harvest, sweetpotatoes are cured by holding at 30°C and 85% relative humidity for 4 to 7 days. Curing of the sweetpotatoes aids in healing of wounds, reducing decay and disease potential, and increasing sugar content thereby improving storage life and culinary characteristics of the root (Boyette et al., 1997) . However, Walter (1987) noted that after sufficient time in storage "moist" mouth feel and flavor notes were no longer distinguishable by sensory evaluation between uncured and cured baked sweetpotatoes of'Jewel'variety.
Reliable, year-round storage of sweetpotatoes has been achieved with the advent of horizontal ventilation facilities whereby curing and storage facilities no longer require moving the sweetpotatoes from one location to another (Boyette and Stewart, 1994) . The design of these multi-room buildings was difficult due to lack of physical and thermal property data of present day varieties. These facilities may be further improved with regard to energy efficiency and would benefit from more detailed evaluation. Applying mathematical modeling in the design of sweetpotato curing and storage facilities can aid in the development of improved control strategy and reduced energy requirement of the system. Simulation of these facilities requires knowledge of sweetpotato properties such as density, specific heat, thermal conductivity, thermal diffusivity, respiration rate, and respiration heat to evaluate the dynamics of the system more closely.
Thermal properties such as specific heat and thermal conductivity play an important role in determining the rate of heat transfer (Singh and Heldman, 1993) . The energy required to heat or cool a sweetpotato mass is dependent on specific heat, while the rate of heat flow through sweetpotato is dependent on thermal conductivity and temperature gradient. The USDA Agricultural Handbook Number 66 (Hardenberg et al., 1986 ) is a commonly used reference for obtaining a broad range of properties for many fruits and vegetables. The Handbook uses Siebel's equation for determination of specific heat:
where c p is the specific heat of the product and w is the water content of the product in percent. Thermal conductivity (k) for fruits and vegetables with a water content (w) greater than 60% can be estimated as (Sweat, 1974) :
Based on these equations and on a water content of 68.5% for sweetpotatoes from research conducted in the 1960's (Hardenberg et al., 1986) , a specific heat of 3.132 kJ/kg*K and a thermal conductivity of 0.486 W/m *K can be estimated. More recent data (Pecota, 1999) , gives an average water content at harvest of 79.4% for uncured 'Beauregard,' 'Hernandez,' and 'Jewel' cultivars. Using 79.4%, specific heat and thermal conductivity can be estimated as 3.497 kJ/kg-K and 0.539 W/m -K, respectively. A limitation of using Equations 1 and 2 is that they are based strictly on moisture content so they poorly differentiate between uncured, cured, time in storage or possible cultivar differences.
Determining the apparent density of individual, whole sweetpotatoes can aid in predicting the volume of space required by the sweetpotatoes in a storage facility. Kushman et al. (1966) reported that the specific gravity of cured sweetpotatoes varied from 0.9925 for 'Goldrush' to 1.0315 for 'Nugget' varieties. Density for these cultivars can be estimated to be 990.7 and 1030 kg/m 3 , respectively, by using a water density of 998.2 kg/m 3 at 20°C. 'Gem', 'Calred', and 'Centennial' variety sweetpotatoes also fell within the reported range; however, only 'Centennial' is currently grown and in limited quantities.
Density and other properties measured in this study may be used to calculate the thermal diffusivity of sweetpotatoes. Thermal diffusivity (a) of a food product is a function of density (p), specific heat (c p ), and thermal conductivity (k):
and is a measure of how fast heat propagates or diffuses through a product (Singh, 1982) . Using the previously calculated estimates of p, Cp, and k, thermal diffusivity was estimated to be between 1.51 xlO' 7 and 1.66 xlO' 7 m 2 /s. Wadsworth and Spadaro (1969) used experimental data and an inverse heat transfer calculation to determine the thermal diffusivity of'Goldrush' sweetpotatoes as 1.06xl0" 7 and 1.91xlO" 7 m 2 /s at 35 and 70°C, respectively. These values have also been cited by Singh (1982) and by Singh and Heldman (1993) . Aerobic respiration occurs in all harvested produce and its primary byproducts are carbon dioxide, water, and energy. Respiration rate is a function of product's temperature and thus should be evaluated over the temperature range in which the product is handled and stored (Wills et al., 1989) . According to Hardenberg et al. (1986) , the respiration rate of uncured sweetpotatoes at 15-16°C is 29 mg CC^/kg h and at 25-27°C it is between 54 and 73 mg CC^/kg h while cured sweetpotatoes at 15-16°C is 20 to 24 mg CO 2 /kg h.
The energy (heat) produced due to respiration is frequently referred to as respiration heat or heat evolution rate. Hardenburg et al. (1986) explains that 2.55 calories (10.676 J) of energy is released with each milligram of CO2 produced during respiration, therefore respiration heat (Rht) may be calculated by multiplying respiration rate (R n ) by a conversion factor of 10.676 J/mg CO2, thus:
where R rt is in mg CC^/kg h, and Rht is respiration heat in J/kg'h. The Rht values reported by ASHRAE (1993) were converted from the above respiration rates given from Hardenburg et al. (1986) and Lewis and Morris (1956) . Using Equation 4 and the R rt values reported by Hardenburg et al. (1986) , respiration heat for uncured sweetpotatoes at 15-16°C is 310 kJ/kg*h and respiration heat at 25-27°C ranges from 577 to 779 kJ/kg-h, while cured sweetpotatoes at 15-16°C have a value of 214 to 256 kJ/kg h. The objectives of this study were to determine the apparent density, specific heat, thermal conductivity, thermal diffusivity, respiration rate, and respiration heat of sweetpotatoes. The study evaluated these physical and thermal properties with regard to three, commercially grown sweetpotato cultivars ('Beauregard,' 'Hernandez,' and 'Jewel') and both uncured and cured. Results from this study will be instrumental in the design and optimization of sweetpotato curing and storage facilities and the development of new processes.
MATERIALS AND METHODS
'Beauregard', 'Hernandez', and 'Jewel' sweetpotatoes were hand harvested from sweetpotato field plots at the Horticultural Crops Research Station in Clinton, North Carolina (NC) and transported to the Department of Horticultural Science at NC State University, Raleigh, NC. Roots of each cultivar were divided into two postharvest treatment groups, uncured and cured. The uncured group went directly into storage at 14.4°C and 85% relative humidity (RH). The second group was placed into a curing chamber for seven days at 30°C and 85% RH. After this curing period, the sweetpotatoes were placed in the same storage chamber as the uncured sweetpotatoes. All sweetpotatoes remained there for about four months at 14.4°C and 85%RH until time of testing. Sweetpotato samples were brought out of storage two days prior to testing and allowed to equilibrate to 24°C at room temperature, except for respiration rate data.
Density
The apparent density of individual, whole sweetpotatoes were determined using buoyant force methods (Rahman, 1995) . Density was measured for six samples of each sweetpotato cultivar in the uncured and cured state. At the time of testing, individual sweetpotatoes were rinsed with tap water, patted dry, then weighed (W s ) on a top loading scale (model 8100X, Mettler-Toledo Inc., Highstown, NJ). The scale was then tared with a 2L beaker containing approximately 1.7 L of tap water. The submerged weight of the sample in water was measured (G s ). The beaker was rinsed and refilled after every third measurement to minimize error due to dirt and product debris. Temperature of the water was routinely measured using a handheld digital thermometer (Model HH21, Omega Engineering Inc, Stamford, CT) and the density of the water (p;) was determined using standard tables (Singh and Heldman, 1993) . Density of the sweetpotato (p ap ) was then calculated (Rahman, 1995) as:
Specific Heat
Specific heat of sweetpotato samples was determined using a differential scanning calorimeter (DSC 7, Perkin Elmer Corp., Norwalk, CT) equipped with an Intracooler II refrigeration unit and dry box. Nitrogen gas at a flow rate of 20 mL/min was used to flush the sample holder and the dry box. The DSC was calibrated using indium and dodecane.
A 2.3 mm slice across the mid-section was taken from each sweetpotato then a 5.5 mm diameter core sample from each slice was taken for testing. Each sample was loaded into the large volume stainless steel pans and run from 10°C to 89°C at a heating rate of 5°C/min using an empty pan as a reference. Reference pans and sample pans were balanced to within 0.2 mg. Specific heat was calculated using the single curve method using 'Pyris' software (Perkin Elmer, 1992) . To ascertain accuracy of the measurements, the specific heat of HPLC grade water was measured and found to be within 3% of published values.
The measured apparent specific heat of the sample was averaged across the postharvest handling temperature range for sweetpotatoes (14 to 30°C), as little change is expected to occur in this range. At higher temperatures the apparent specific heat begins to increase due to starch gelatinization thus the maximum value occurring near 75°C was also reported.
Thermal Conductivity
The thermal conductivity of sweetpotatoes was determined using the line heat source method (Rahman, 1995) . This method was based on a line heat source of infinite length with negligible axial heat flow. The line heat source was inserted into the material, a constant energy flow applied, and the resultant temperature change was monitored for a short period of time. Thermal conductivity was then calculated based on Equation (6), developed by Hooper and Lepper (Hsu et al., 1991) :
The probe temperature was plotted against the natural logarithm of time thus yielding a curve with a linear mid-section. The linear segment with a slope (5) was then used to calculate the thermal conductivity (k):
Eight"cured sweetpotatoes of each variety ('Beauregard', "Hernandez", and "Jewel") were tested, with three replications per sweetpotato (72 total measurements). The thermal conductivity was measured perpendicular to the longitudinal axis of each sweetpotato. A fine gauge (lmm diameter) needle was used to pre-puncture the product, as the thermal conductivity probe (1.25mm diameter) was too fragile to pierce the sweetpotato tissue. A Campbell Scientific 21x datalogger (Salt Lake City, Utah) was used to collect temperature and voltage readings for approximately 30 seconds at a 4Hz sampling rate. Measuring the voltage drop (E H ) across the line source and the voltage drop (E R ) across a 1.03306 Q precision resistor (R), which was in series with the line source, simplified determining the input energy (q) required by the system:
Thermal Diffusivity
Thermal diffusivity (m 2 /s) was calculated using Equation 3 for each cured cultivar of sweetpotato using the thermal conductivity and apparent density at room temperature, and average specific heat from 14-30°C data obtained in the previously mentioned sections.
Respiration Rate

Sample preparation
The 'Beauregard 1 , 'Hernandez', and 'Jewel' sweetpotatoes were harvested and transported to the Department of Horticultural Science at NC State University, Raleigh, NC as in previous studies. However, for this study, sweetpotatoes were selected based on size, as they had to be small enough to fit into 3.8L testing jars with an 8 cm diameter opening. Samples designated for curing were put into the 30°C curing chamber for seven days at 85% RH then placed in storage for four months at 14.4°C and 85%RH. The samples intended for the study of uncured sweet potatoes were put directly into four, controlled temperature chambers (15, 20, 25, and 30°C) after test preparation.
Samples were prepared for testing by weighing and placing into the testing jars. Each jar contained five to seven whole-uncured sweetpotatoes with a total weight between 700 and 800 grams. Four opened jars of each cultivar were then put into each controlled temperature chamber (15, 20, 25, and 30°C) for a period of at least two days thus allowing sufficient time for temperature equilibration. The cured sweetpotatoes, tested after four months of storage, were handled similarly at three temperature environments: 15, 20, and 25°C. The respiration rate for 30°C was measured using the same sweetpotatoes used in the uncured study after they had been held at 30°C for seven days and weighed again to adjust for curing losses.
CO2 measurements
Respiration rate was calculated from CO2 accumulation in the headspace of the jars. Testing jars (3.8 L) were sealed for a period of time appropriate for CO2 accumulation, ranging from 1.4 to 17.3 hours, depending on chamber temperature. Gas samples were drawn from the jar through a rubber septum inserted in the lid. A gas chromatograph, equipped with a gas partitioner (model 1200, Fischer Scientific Co., Pittsburgh, PA) with a thermal conductivity detector operated at 50°C, was used to measure CO2 concentration (uL/L) of the gas sample.
Calculations
Respiration rate R rt was calculated from CO2 concentration (C m ) as (Kader, 1992) :
where Vj was the empty jar volume (3785.4 mL), W s was the sample weight (kg), and t was time (h) the jar was sealed. Conversion of ml CO2 to mg CO2 required a conversion (Kader, 1992) . This conversion yields the respiration rate of the product in mg CO^/kg h.
Respiration Heat
Respiration heat of the sweetpotatoes at each temperature was calculated using Equation 4 and the measured respiration rate values described above.
Statistical Analysis
A general linear model procedure (SAS Institute, Cary, NC) was used for analysis of variance. Differences between treatments (uncured or cured) and between respiration temperatures were established for each cultivar. Least significant difference (LSD) values were calculated at the 5% level.
RESULTS AND DISCUSSION
Many results reported in this section show statistically significant differences (p<0.05) by LSD between the cultivars of sweetpotatoes and the treatments evaluated. However, many of the reported values were combined for an overall average where applicable. An overall average was reported because in many situations these properties are used for design purposes where several cultivars may be present.
Density
Apparent densities for 'Beauregard, 1 'Hernandez,' and 'Jewel' sweetpotatoes are listed in Table 2 . Cured and uncured roots were significantly different (p<0.05) in density. There were significant differences between 'Jewel' and the other cultivars, both uncured and cured. The results fell within 1.1% of each other, ranging from 992 kg/m 3 for cured 'Hernandez' to 1003 kg/m 3 for uncured 'Jewel.' These results correspond with Kushman et al. (1966) , who also concluded that during storage intercellular void space increased as much as 14% of the root volume thus percent weight loss exceeds percent volume loss. The overall average apparent density for all sweetpotatoes measured was 997 kg/m 3 . Density decreases over extended storage periods thus density should not be assumed constant for some applications.
Specific Heat
The apparent specific heats for the three cultivars, uncured and cured, are given in Table 3 . Because there was relatively little change in Cp in the lower temperature range (A,B) , then by treatment only (a,b). (Figure 1) , each reported c p was the mean of two replicates evaluated from 14 to 30 °C. For the apparent specific heat, the uncured 'Jewel' (3.499 kJ/kg K) was significantly different (p<0.05) from the other uncured cultivars, while the cured 'Beauregard' (3.729 kJ/kg K) and 'Hernandez' (3.704 kJ/kg K) were blocked as significantly different (p<0.05) from cured 'Hernandez' and 'Jewel' (3.616 kJ/kg K). By taking the mean of the cultivars, the c p for uncured sweetpotatoes was 3.683 kJ/kg K and 3.634 kJ/kg K for cured. The results ranged from 3.499 kJ/kg K for uncured 'Jewel' to 3.729 kJ/kg K for cured 'Beauregard', with an overall average Cp of 3.659 kJ/kg K for the 14 to 30°C temperature range. The specific heat values reported here are higher than the estimated 3.497 kJ/kg K using Seibel's equation. This would suggest that the moisture content was higher than 68.5% in the sweet potatoes tested. According to USDA-ARS (1998), raw sweetpotatoes are 72.8% water, 27.28% carbohydrates, 1.65% protein, 0.3% fat, and 0.95% ash. Calculating c p based on this composition yields 3.477 kJ/kg K using (Singh and Heldman, 1993) : This is still somewhat less than experimental data, but within acceptable limits. The maximum apparent specific heat occurred at the starch gelatinization temperature of approximately 75°C (Table 3) . For c p m3X , only the cured cultivars were significantly different (p<0.05) by LSD. The average uncured specific heat for c pmax was 3.990 kJ/kg K, while the average cured c p max was 3.970 kJ/kg K, with an overall average c pmax of 3.980 kJ/kg K.
Thermal Conductivity
The thermal conductivities for cured 'Beauregard,' 'Hernandez,' and 'Jewel' sweetpotatoes are reported in Table 4 . The thermal conductivity ranged from 0.507 W/m K for 'Beauregard' to 0.596 W/m K for 'Jewel', with all three cultivars being statistically different (p<0.05) from each other. The overall average thermal conductivity for the sweetpotatoes was 0.538 W/m K, which corresponds with that estimated by Sweat's equation (0.539 W/m-K with 79.4% water content). This is further evidence that the experimental sweetpotatoes probably had a higher moisture content than those grown over twenty-five years ago. Lopez-Ramos, et al. (1993) reported a k range from 0.48 to 0.64 W/nrK without mention of cultivar or whether samples had been cured. Additionally, they also noted that the attributes of "South American sweetpotatoes [not yams] are completely different than North American ones."
Thermal Diffusivity
At room temperature («22°C), the thermal diffusivity (Table 4 ) of cured sweetpotatoes ranged from 1.30xl0" 7 m 2 /s for 'Beauregard' to 1.65xlO" 7 m 2 /s for 'Jewel' with the overall average being 1.47xlO" 7 m 2 /s. These values are somewhat higher than those reported by Wadsworth and Spadaro (1969) , but are relatively close to the estimated 1.51 xlO" 7 and 1.66 xlO" 7 m /s calculated using Equation 3. Additionally, Lopez-Ramos, et al. (1993) determined by experimental methods a sweetpotato thermal diffusivity of 1.47x10" 7 m 2 /s. Differences between measured and reported thermal diffusivities (Wadsworth and Spadaro, 1969) again suggest that the characteristics of today's sweetpotatoes differ from cultivar to cultivar and they also differ from those of the past.
Respiration Rate and Respiration Heat
Data for the respiration rate of 'Beauregard,' 'Hernandez,' and 'Jewel' sweetpotatoes, cured and uncured, are given in Table 5 . Because respiration heat and respiration rate values differ by only a factor of 10.676 J/mg CO2, the statistical trends reported and discussed for respiration heat also hold true for respiration rates. Analysis of variance indicated that there was no interaction (p<0.05) by cultivar, treatment, and/or temperature, but independently these variables are statistically different. The uncured and cured 'Beauregard' generally had a lower respiration heat across the temperature range, while 'Jewel' produced more heat than the others. The sharpest rise in respiration heat occurred between 20°C and 25°C ( Figure 2 ) for both uncured and cured cultivars. This emphasizes the need to quickly cool the sweetpotatoes between curing and storage states as well as the importance in preventing the sweetpotato temperature from slowly increasing during the warmer months of storage as the rise in respiration heat adds additional load on the cooling system.
By averaging the cultivars, the respiration heat ranged from 153.1 J/kg h at 15°C to 411.9 J/kg h at 30°C for uncured sweet potatoes, while the cured sweet potatoes ranged from 113.8 to 350.1 J/kg-h at the same temperatures. Once again by averaging the cultivars, the respiration rates ranged from 14.34 mgCO 2 /kg h at 15°C to 40.16 mg CO2/kg h at 30°C for uncured sweet potatoes, and 10.66 mg CC^/kg h at 15°C to 32.80 mg CO2/kg h at 30°C for cured sweetpotatoes. These values tend to be lower than those reported by Hardenburg et al. (1986) , but are within acceptable limits.
CONCLUSIONS
Many of the properties quantified in this study of uncured and cured sweetpotatoes had not been measured in over 25 years, with one recent study not considering whether the product had been cured or potential cultivar differences. Physical and thermal properties determined for three cultivars of uncured and cured sweetpotatoes included: density, specific heat, thermal conductivity, thermal diffusivity, respiration rate, and respiration heat. Apparent density and specific heat varied little between the uncured and cured sweetpotatoes however; one should expect the margin of difference to increase as time in storage increased due to potential increases in intercellular space. The calculated estimates of specific heat, thermal conductivity, and thermal diffusivity were good approximations to the experimental measurements. Respiration rate and respiration heat increased dramatically between 20 and 25°C with much less change between 15 and 20°C or between 25 and 30°C. In general, this study showed that minor differences occurred between the cultivars. Although statistically different, property values obtained from cured and uncured sweetpotatoes were similar due to the small changes in moisture and solids content found between the two states. Results from this study will be instrumental in the design and optimization of sweetpotato curing and storage facilities and in the development of new quality indicators. 
